Differences in carbon assimilation pathways and reducing power requirements among organisms are likely to affect the role of the storage polymer poly-3-hydroxybutyrate (PHB). Previous researchers have demonstrated that PHB functions as a sole growth substrate in aerobic cultures enriched on acetate during periods of carbon deficiency, but it is uncertain how C 1 metabolism affects the role of PHB. In the present study, the type II methanotroph Methylocystis parvus OBBP did not replicate using stored PHB in the absence of methane, even when all other nutrients were provided in excess. When PHB-rich cultures of M. parvus OBBP were deprived of carbon and nitrogen for 48 h, they did not utilize significant amounts of stored PHB, and neither cell concentrations nor concentrations of total suspended solids changed significantly. When methane and nitrogen both were present, PHB and methane were consumed simultaneously. Cells with PHB had significantly higher specific growth rates than cells lacking PHB. The addition of formate (a source of reducing power) to PHB-rich cells delayed PHB consumption, but the addition of glyoxylate (a source of C 2 units) did not. This and results from other researchers suggest that methanotrophic PHB metabolism is linked to the supply of reducing power as opposed to the supply of C 2 units for synthesis.
Poly-3-hydroxybutyrate (PHB) is a biologically produced, biodegradable polyester with properties similar to those of polypropylene and mechanical properties that can be tailored for different applications by changing the copolymer content of the polymer (1, 5, 27) . Many bacteria accumulate PHB as a carbon storage polymer under conditions of unbalanced growth (i.e., nutrient deficiency and/or carbon excess) (1, 27) . Although considerable efforts are currently being devoted to commercializing microbial PHB production, commercialization thus far has been limited because of the relatively high production cost of PHB compared to that of traditional petrochemical-based plastics, such as polyethylene and polypropylene (28) . A major fraction of the production cost (30%) (7) is due to feedstocks, which are typically sugars such as glucose and sucrose (27) .
Methane is both an inexpensive feedstock for PHB production and a potent greenhouse gas; its use as a substrate for PHB production is therefore an effective means of carbon sequestration and an attractive alternative to sugar-based feedstocks. Methanotrophs have been shown to produce PHB (2, 18, 37, (41) (42) (43) (44) , and Wendlandt et al. (42) have reported PHB levels of up to 30 g liter Ϫ1 in a culture dominated by Methylocystis sp. GB 25 and maintained under nonaseptic conditions. While PHB production is well characterized in a variety of bacteria, comparatively few studies have investigated why bacteria accumulate PHB or the process of PHB consumption (16, 20, 33, 36, 41) . In nonmethanotrophs, PHB consumption is linked to both short-term replication and long-term survival under carbon starvation. Handrick et al. (16) concluded that Ralstonia eutropha replicated using stored PHB when no external carbon source was available but other nutrients needed for growth were present. When PHB was present without exogenous nitrogen or carbon, the concentration of cells did not increase. Activated sludge enrichments also replicated using stored PHB as a carbon source when no external carbon was present during cyclic pulse feeding of carbon (3, 4, 9, 12, 13, 31) . In the absence of both carbon and nitrogen, PHB degraded more slowly than when nitrogen was present (36) . It was hypothesized that these cells used PHB for cell maintenance in the absence of carbon and nitrogen (36) . In cultures of Sinorhizobium meliloti, stored PHB enabled the replication of cells in the absence of exogenous carbon and aided in the long-term survival of cells (up to 160 days of starvation) (33) .
Previous authors have proposed that PHB functions as a source of reducing power in methanotrophs during cometabolic oxidation of non-growth substrates, such as trichloroethylene (TCE), in the absence of methane (8, 14, 19, 20) , and metabolic modeling suggests that PHB functions as a source of reducing power (38) . It is not known, however, whether PHB can act as the sole growth substrate in methanotrophs. The growth of most methanotrophs requires reducing power and C 2 units normally derived from the metabolism of C 1 substrates (29) . PHB metabolism could conceivably meet both of these needs and thus enable growth in the absence of methane.
Understanding the conditions under which PHB consumption occurs and consequently the advantages that PHB production confers may enable the selection of pure cultures and communities capable of high levels of PHB production. Through pulse feeding of acetate in a sequencing bioreactor, Johnson et al. (23) were able to confer a selective advantage upon bacteria capable of high levels of PHB production: carbon was stored as PHB when acetate was present, and cells reproduced using the stored PHB as a carbon source when acetate became limiting. A similar strategy could be adopted for other substrates, such as methane, but PHB may have a different role in methanotrophs given their greater demand for reducing power (e.g., NADH is required for the methane monooxygenase-mediated oxidation of methane [17, 29] ). To assess this possibility, we investigated PHB production and consumption in Methylocystis parvus OBBP in the presence and absence of methane and nitrogen and explored the effects of formate (a supply of reducing power [20] ) and glyoxylate (a supply of C 2 compounds [26] ). We find evidence that PHB acts as a source of reducing equivalents but does not serve as a sole growth substrate.
MATERIALS AND METHODS
Bacterial strain and culture conditions. M. parvus OBBP was obtained from M. Kalyuzhnaya (Lidstrom laboratory, University of Washington) and used for all experiments in this study. Sterile conditions were maintained throughout all experiments. All glassware was acid washed with 10% hydrochloric acid for at least an hour and triple rinsed in Milli-Q water to remove trace metals. M. parvus OBBP was grown in medium W1 (containing 0. 8 . Nitrogen-free W1 medium (which was identical to medium W1, except that it contained 0 mM NaNO 3 ) was used to induce PHB production. Cultures were incubated under a 1:1 methane-oxygen atmosphere at 30°C on orbital shakers at 150 rpm.
Evaluation of cell growth in conjunction with PHB metabolism in the presence and absence of methane and nitrogen. Cultures of M. parvus OBBP were incubated in the presence and absence of methane and nitrogen. An exponentially growing culture was diluted into fresh medium to give an optical density at 670 nm (OD 670 ) of approximately 0.07 (total suspended solid [TSS] concentration of 0.03 mg ml Ϫ1 ). Fifty-milliliter aliquots of the dilute culture were transferred into 125-ml serum bottles (Wheaton Science Products, Millville, NJ), and the OD 670 was measured. An uninoculated control contained 50 ml of sterile medium. Serum bottles were sealed with butyl rubber stoppers (Geo-Microbial Technologies, Inc.) and aluminum crimp seals, subjected to house vacuum, and supplemented with 55 ml each of filter-sterilized (0.2-m-pore-size) methane and oxygen to restore atmospheric pressure. Cultures then were incubated at 30°C on an orbital shaker (New Brunswick Scientific, Edison, NJ) at 150 rpm. Duplicate serum bottles were sacrificed every 1.5 h for the first 13 h and every 4 to 6 h thereafter for a total of 35 h. The remaining bottles were periodically subjected to house vacuum and replenished with 55 ml each of methane and oxygen to maintain balanced growth.
To determine the effects of methane and nitrogen on PHB production and consumption, exponential-phase cultures of M. parvus OBBP were collected by centrifugation at 4,816 ϫ g (4,700 rpm) for 8 min, washed once with nitrogen-free W1 medium, and resuspended in nitrogen-free W1 medium to induce PHB production. Using aseptic technique, 50-ml aliquots were transferred by pipette into previously autoclaved 125-ml serum bottles, and the optical density of each aliquot was measured. Serum bottles were sealed, and methane and oxygen were added as described above. Controls for time zero measurements were prepared containing 50 ml sterile medium. Serum bottles were then incubated at 30°C on orbital shakers at 150 rpm. Duplicate serum bottles were sacrificed every 1 to 2 h for the first 20 h.
At 20 h, the remaining bottles were divided into four groups: methane with nitrogen (M1N1), methane with no nitrogen (M1N0), nitrogen with no methane (M0N1), and no methane with no nitrogen (M0N0). The bottles were flushed with helium and subjected twice to a vacuum before the addition of gases as follows: 55 ml methane and 55 ml oxygen were added to M1N1 and M1N0, and 55 ml helium and 55 ml oxygen were added to M0N1 and M0N0. One milliliter of a 500 mM nitrate solution was injected into M1N1 and M0N1 incubations to give an initial concentration of 10 mM nitrate. All bottles were incubated at 30°C on an orbital shaker at 150 rpm and sacrificed in duplicate for a period of 45 h. Sterile controls were treated similarly and sacrificed at the end of the experiment.
To more thoroughly understand the behavior of M. parvus OBBP under M1N1 conditions, a portion of the experiment was repeated with several modifications. Exponentially growing cultures of M. parvus OBBP were transferred to nitrogenfree W1 medium and reincubated to induce PHB production. Cultures were incubated for approximately 22 h, and every 7 to 8 h the bottles were subjected to house vacuum and replenished with 55 ml each of filter-sterilized methane and oxygen. After 22 h, 40 ml of 500 mM nitrate solution was added to 2 liters of culture to give a final concentration of 10 mM, and 50-ml culture aliquots were transferred into serum bottles. Duplicates were sacrificed every 1.5 h for the first 7.5 h and every 3 to 6 h thereafter.
Five-milliliter gas samples were periodically withdrawn for gas-phase analysis using a gas-tight syringe (Restek, Bellefonte, PA). These samples were injected into 5-ml serum bottles previously subjected to a vacuum and flushed with helium four times and were analyzed for methane, oxygen, and carbon dioxide by gas chromatography. The liquid culture suspensions were immediately placed on ice, and subsamples (1 to 5 ml) were filtered for the determination of TSS. Approximately 5 ml of culture was removed and stored at 4°C for the analysis of cell concentration and fluorescence by flow cytometry. The remainder of the biomass was centrifuged, and the pellets were washed once with phosphate-buffered saline and then freeze-dried for the analysis of PHB and elemental composition (carbon, hydrogen, nitrogen, and sulfur [CHNS]). Freeze-dried cells were stored at Ϫ20°C in airtight containers. Supernatant was filtered through 0.2-m filters and stored at 4°C for the analysis of nitrate and phosphate.
Effects of formate and glyoxylate on cell growth in the presence of PHB. An exponentially growing culture of M. parvus OBBP was transferred to nitrogenfree W1 medium and reincubated for approximately 20 h to induce PHB production. Fifty-milliliter aliquots of the culture (OD 670 of 0.88) were transferred to 125-ml serum bottles. Serum bottles were prepared in triplicate to test each of the following conditions: formate and methane (F1M1), no formate and methane (F0M1), formate and no methane (F1M0), and no formate and no methane (F0M0). Serum bottles were subjected to a vacuum and gases added as follows: F1M1 and F0M1, 55 ml methane and 55 ml oxygen, and F1M0 and F0M0, 55 ml helium and 55 ml oxygen. Sodium nitrate (Alfa Aesar, Ward Hill, MA) was added to a final concentration of 10 mM nitrate in all serum bottles, and sodium formate (Sigma-Aldrich) was added to a concentration of 2.5 mM formate in serum bottles under F1M1 and F1M0 conditions. Serum bottles were incubated at 30°C on orbital shakers at 150 rpm. Onemilliliter samples were taken from each bottle every 1.5 h for the first 4.5 h and every hour thereafter for 10 h. Fifty microliters of each sample was immediately diluted into 1.95 ml of sterile Milli-Q water and stored at 4°C for the subsequent analysis of cell concentration. The remaining sample was centrifuged. Pellets were stored at 4°C for subsequent fluorescence analysis by flow cytometry, and the supernatant was stored separately at Ϫ20°C for subsequent analysis of formate concentration.
To test the effects of formate at a higher concentration and to test the effects of glyoxylate, the experiment described above was repeated with several variations. Serum bottles were prepared in triplicate to test the following conditions: methane only; formate and methane; glyoxylate and methane; formate, glyoxylate, and methane; and formate only. Sodium formate, sodium glyoxylate (Santa Cruz Biotechnology, Santa Cruz, CA), and sodium nitrate all were added to an initial concentration of approximately 10 mM in serum bottles. All serum bottles were subjected to a vacuum and gases added as follows: all serum bottles containing methane received 55 ml methane and 55 ml oxygen, and all serum bottles without methane received 55 ml oxygen and 55 ml helium. Samples were processed as described above, and glyoxylate measurements were made for cultures containing gloxylate.
Analytical methods. To analyze the concentrations of methane, oxygen, and carbon dioxide, 1 ml of gas from each sample bottle was injected onto a GOW-MAC gas chromatograph equipped with an Altech CTR 1 column and a thermal conductivity detector. The following method parameters were used: injector, 120°C; column, 45°C; detector, 120°C; and current, 150 mV. Peak areas of methane, oxygen, and carbon dioxide were compared to standards and quantified using the software ChromPerfect (Justice Laboratory Software, Denville, NJ). Concentrations of dissolved oxygen and dissolved methane were calculated using Henry's constant at 30°C and assuming equilibrium between the liquid and gas phases.
To analyze TSS, between 1 and 10 ml (the exact amount varied based on optical density) of culture from each serum bottle was filtered through a prewashed and preweighed 0. Concentrations of nitrate and phosphate were measured on a Dionex Ion chromatograph equipped with a GP50 gradient pump, CD25 conductivity detector, AS40 automated sampler, and AS11HC column. Samples were diluted for analysis by adding 0.5 ml of each sample to 5 ml of Milli-Q water and were compared against standards of NaNO 3 and K 2 HPO 4 . Formate and glyoxylate concentrations were measured on the same instrument using an AA6 column. Samples were diluted in Milli-Q water when necessary and compared to standards of sodium formate and sodium glyoxylate.
To measure the concentration of cells, 50 l of each sample was diluted to a total volume of 2 ml in Milli-Q water. Dilutions were analyzed at a constant flow rate for 30 s on a BD LSR II flow cytometer. Cell counts were calibrated to solutions containing 6 m beads at known concentrations (Invitrogen).
Maximum specific growth rates and doubling times were calculated from the slope of a least-squares regression of the natural logarithm of cell counts versus time.
PHB concentration. PHB concentration was measured directly via gas chromatography using a modified version of the protocol described by Braunegg et al. (6) . For each sample, 5 to 10 mg of freeze-dried biomass was weighed out on an analytical balance, transferred to a 12-ml glass vial, and sealed with a polytetrafluoroethylene (PTFE)-lined plastic cap (Wheaton Science Products; Millville, NJ). Two milliliters of methanol acidified with sulfuric acid (3%, vol/vol) and containing 1.0 g liter Ϫ1 benzoic acid and 2 ml of chloroform were added to each vial. The vials were shaken gently and then heated at 100°C for 3.5 h. Once the vials had cooled to room temperature, 1 ml deionized water was added to each. The vials were subjected to vortex mixing for 30 s and allowed to stand until phase separation was complete. The organic phase was analyzed using an Agilent 6890N gas chromatograph equipped with an HP-5 column [containing (5% phenyl)-methylpolysiloxane; Agilent Technologies] and a flame ionization detector (FID). DL-␤-Hydroxybutyric acid sodium salt (Sigma) was used as a standard. Unless otherwise specified, this gas-chromatographic measurement was used to make all reported measurements of PHB content.
Nile red fluorescence was tested as a more rapid assay for PHB. Five hundred microliters of each sample was centrifuged, and the resulting pellet was resuspended in 1.0 ml of a 40:60 ethanol-deionized water mixture. Ethanol was allowed to permeate the cells for 15 min, and samples were again pelleted and resuspended in 900 l deionized water mixed with 100 l Nile red solution (250 g ml Ϫ1 Nile red suspended in dimethyl sulfoxide). Samples were incubated for 45 min, diluted 1:20 in deionized water, and then analyzed on a BD LSR II flow cytometer (BD Biosciences) equipped with a 532-nm laser. Fluorescence values indicating fluorescence per cell were captured using a phycoerythrin (PE) filter set, and the average values for each sample are compared to the percent PHB in cells (mg PHB ⅐ mg TSS
Ϫ1
). CHNS analyses were performed on select samples. Approximately 1 to 2 mg of freeze-dried biomass was weighed out on an analytical balance. Samples were analyzed on a PerkinElmer series 2400 II CHNS/O analyzer operating in CHNS mode. The extended combustion time was set to 5 s. Cysteine powder was used as a standard.
Statistical analyses. Spearman's rank correlation test (39) was used to determine whether trends were significant over time. Wilcoxon signed-rank tests were used to compare the PHB contents of cultures incubated with and without formate (39) . The comparison-of-slopes method was used to test differences in growth rates and yields (32) . Statistical analyses were carried out using PASW statistics release 18.0.0 (SPSS Inc., Chicago, Illinois). In summaries of statistical analyses, represents Spearman's correlation coefficient, n represents the number of points used, and P represents the significance. Analyses are considered significant when P Յ 0.05.
RESULTS
Proxy measurements for PHB content. The average fluorescence of individual cells was compared to the percent PHB measured in the TSS of each sample (mg PHB mg TSS Ϫ1 ) as shown in Fig. 1A . There is a strong linear correlation between the values (R 2 ϭ 0.93), demonstrating a direct relationship between fluorescence and PHB content while cells are consuming and producing PHB.
A plot of percent PHB in cells versus the C/N mass ratio is shown in Fig. 1B . There is a strong linear correlation (R 2 ϭ 0.96) between these values, indicating a direct relationship between the C/N ratio in cells and PHB content while cells are consuming and producing PHB.
Cell growth and PHB metabolism in the presence and absence of methane and nitrogen. Under conditions of balanced growth, M. parvus OBBP maintained a PHB content of Յ1% (mg PHB mg TSS Ϫ1 ). The doubling time of the cells was 6.45 h, the yield of TSS was 0.45 mg TSS mg CH 4 Ϫ1 , and methane and oxygen were consumed in a molar ratio of 1:1.5. Figure 2A illustrates PHB content over time when cultures of M. parvus OBBP grown under balanced-growth conditions were incubated without nitrogen to induce PHB production and subsequently incubated with and without methane and with and without nitrogen. Table 1 provides details of PHB production and consumption, yield on methane, and dissolved oxygen levels for conditions of PHB production and consump- tion. When cultures were incubated with methane and without nitrogen (M1N0), PHB content increased. It is likely that, after a total of 66 h of M1N0 conditions, low dissolved oxygen levels limited further PHB production. When PHB-rich cultures were incubated without methane (M0N1 and M0N0), the PHB content showed little change. When both methane and nitrogen were absent (M0N0), no measurable changes occurred in the system. There was no significant trend in TSS, cell concentration, PHB content, percent PHB, or oxygen consumed. When nitrogen was added to PHB-rich cultures and methane was not present (M0N1), PHB content decreased slightly, but cell concentration, TSS concentration, and nitrate concentration did not show a significant trend over time. However, the concentration of nitrogen-associated TSS increased ( ϭ 0.56, n ϭ 20, P ϭ 0.02), and the percent nitrogen in both the TSS ( ϭ 0.7, n ϭ 18, P ϭ 0.001) and the non-PHB TSS ( ϭ 0.695, n ϭ 18, P ϭ 0.001) increased. Cells were not replicating, but uptake of nitrogen occurred as PHB and oxygen were consumed. PHB content dropped off sharply when both methane and nitrogen were present (M1N1), and the concentration of cells increased exponentially (Fig. 2B) until the level of dissolved oxygen dropped to near 0 (Fig. 2C) . It may be hypothesized that the depletion of oxygen limited cell growth after PHB reserves had been exhausted. In a second experiment, the headspace of serum bottles was replenished with methane and oxygen (at 7.5, 23.5, and 31 h), samples were taken more frequently to obtain a larger data set, and replicate TSS measurements were performed for each duplicate. PHB content dropped from 10.5% Ϯ 1% to 4.1% Ϯ 0.2% (0.14 Ϯ 0.01 to 0.03 Ϯ 0.005 mg ml Ϫ1 ) during 15.4 h in the first experiment ( Fig. 3) and from 44.7% Ϯ 1.1% to 2.4% Ϯ 0.3% (0.15 to 0.02 Ϯ 0.002 mg ml Ϫ1 ) during 19.6 h in the second experiment (see Fig. S1 in the supplemental material).
Phases of growth and PHB utilization. Three phases of growth and PHB utilization were observed: phase 1 (0 to 4.3 h), nitrogen accumulation; phase 2 (4.3 to 19.6 h), cell reproduction and concurrent PHB and CH 4 depletion; and phase 3 (19.6 to 35.5 h), continued cell reproduction with CH 4 consumption after PHB consumption. Phase 1 ended when the cells began to replicate, and phase 2 ended when the cells had depleted nearly all of their PHB reserves (Յ2% PHB remaining) and were utilizing primarily methane for growth. During phase 3, cells continued to replicate and consume methane.
Throughout phase 1, neither the concentration of M. parvus OBBP nor the PHB content of the cells exhibited significant positive or negative trends, nor was a significant amount of CH 4 consumed. However, the percent PHB did decrease significantly ( ϭ Ϫ0.88, n ϭ 8, P ϭ 0.004), and the PHB content as measured by fluorescence also decreased significantly ( ϭ Ϫ0.83, n ϭ 8, P ϭ 0.01). Although there was no significant trend in the concentration of nitrate, the nitrate concentration appeared to decrease from 0.18 Ϯ 0.02 to 0.14 Ϯ 0.005 mg N ml Ϫ1 , the percent nitrogen in the TSS increased from 4.2% Ϯ 0.2% to 5.0% Ϯ 0.2% ( ϭ 0.77, n ϭ 8, P ϭ 0.03), and nitrogen assimilation measured as mg N ml Ϫ1 increased significantly from 0.014 Ϯ 0.003 to 0.02 Ϯ 0.001 ( ϭ 0.88, n ϭ 8, p ϭ 0.004). TSS increased from 0.34 Ϯ 0.06 to 0.43 Ϯ 0.005 mg ml Ϫ1 ( ϭ 0.75, n ϭ 8, P ϭ 0.05). These data indicate that the cells assimilated nitrogen in quantities sufficient to account for the increase in TSS as nitrogen and consumed stored PHB, but they did not consume exogenous CH 4 .
During the second phase, methane and PHB were used simultaneously as cosubstrates. The cell count increased, and PHB content decreased rapidly over a 15-h period, from 37.2% Ϯ 1.5% to 2.4% Ϯ 0.3% of the total biomass, or 0. However, the doubling time during the early part of this phase, from 4.3 to 7.5 h, was 4.94 h, which is significantly shorter than the doubling time observed under growth conditions without initial PHB reserves (n ϭ 13, P ϭ 0.02). This suggests that the doubling time of cells was more rapid in the earlier part of phase 2, when cells had Ն25% PHB. A yield of 0.71 mg non-PHB biomass (mg CH 4 ) Ϫ1 was observed during phase 2, but this was not statistically different from the yield observed without PHB reserves, at 0.56 mg non-PHB biomass (mg CH 4 )
Ϫ1
(n ϭ 10, P ϭ 0.4). A time of 5.7 h was chosen as the initial point for calculating changes in non-PHB TSS, because non-PHB TSS was lowest at this point.
During phase 3, the PHB content of the cells decreased to Յ1%, or 0.009 Ϯ 0.001 mg ml Ϫ1 . At 19.6 and 31 h, the amount of oxygen in the headspace of serum bottles decreased to Յ0.2 mmol. When the gas phase was replenished with methane and oxygen, an immediate increase in cell concentration and TSS occurred at both time points. When the experiment ended at 35.5 h, a total of 4.9 Ϯ 0.1 mmol methane had been consumed, and the final TSS concentration was 1.2 Ϯ 0.04 mg ml Ϫ1 . A residual of 0.02 Ϯ 2EϪ5 mg ml Ϫ1 of nitrate-N remained. Effects of formate on cell growth in the presence of PHB. Figure 4 illustrates the effects of 10 mM formate on cultures of M. parvus OBBP with PHB and methane. Data from the initial experiment where 2.5 mM formate was provided show similar trends and are included in Fig. S2 in the supplemental material. Gas chromatography was used to measure the initial percentage of PHB (17.4% Ϯ 5.4%), and all other PHB values were converted from fluorescence values to percent PHB based on the initial value and a direct linear relationship. From 1.5 to 14 h, the utilization of PHB in cultures with formate was delayed compared to that of cultures without formate (P ϭ 0.003 and P ϭ 0.04 for 2.5 and 10 mM formate, respectively). Thereafter, formate was consumed concurrently with PHB and was completely consumed after 14 h. The delay in PHB consumption suggests that formate and PHB mediate a common function as electron donors, but simultaneous use thereafter suggests a rerouting of electron flow from PHB in the presence of formate, enabling the concomitant use of both substrates.
In the presence of nitrogen and the absence of methane, there was no significant increase in cell concentration due to the presence of formate. When 2.5 mM formate was added, there was a slight, significant positive trend in cell concentration with ( ϭ 0.81, n ϭ 12, P ϭ 0.001) and without ( ϭ 0.79, n ϭ 12, P ϭ 0.002) added formate, although no significant difference was observed between the two (P ϭ 0.8). In cultures amended with 2.5 mM formate, the cell concentration increased by an average of 7% at the end of 22 h. In cultures amended with 10 mM formate, there was no significant increase in cell concentration ( ϭ 0.7, n ϭ 5, P ϭ 0.2). This indicates that formate addition had little effect on cell growth, enabling only limited cell replication in the absence of methane. In cultures provided with methane and nitrogen, there was no significant difference in PHB consumption between cultures with and without glyoxylate (P ϭ 0.4) (Fig. 4) . There was no significant glyoxylate consumption during 23 h.
DISCUSSION
PHB quantification. This study included the use of two rapid, solvent-free techniques for the estimation of PHB content and their calibration against conventional measurements made by gas chromatography. Nile red staining combined with flow cytometry enabled rapid assay of PHB content (10, 15, 25, 40) . The data indicate an excellent correlation between fluorescence and PHB content (Fig.  1A) . A second technique comparing the relationship between carbon/nitrogen ratios and PHB content also was evaluated. Since PHB contains no nitrogen, the C/N ratio was expected to increase with increasing PHB content. This result was demonstrated by a high, direct correlation between C/N ratio and PHB content in cells that are accumulating and/or consuming PHB (Fig. 1B) .
Physiological role of PHB. Understanding the role of PHB in methanotrophs may enable the design of a stressed environment where high levels of PHB confer a competitive advantage. Repeated stresses may in turn enable the long-term maintenance of a nonsterile, methane-utilizing culture that can produce increasingly higher levels of PHB for commercial purposes.
Methanotrophs utilize PHB slowly under starvation conditions (22) , and PHB consumption is known to aid in the longterm survival of other bacteria (33) . In activated sludge enrichments, for example, the concentration of PHB decreased from 85 to Յ10% in just 40 h when there was no carbon (i.e., electron donor) or nitrogen source (36) . In contrast, the utilization of PHB in M. parvus OBBP is relatively slow under similar starvation conditions. The concentration of PHB in starving cells decreased from 31 to 25% after 48 h, but this trend was not significant. This suggests that if PHB aids in the survival of M. parvus OBBP, it is over a relatively long timescale. Methanotrophs are known to survive for up to 10 weeks without methane (34) , but their survival has not yet been linked to the presence of PHB. Further work should evaluate the relationship between PHB and long-term survival in methanotrophs.
In many bacteria, PHB is used as both a growth substrate and a source of reducing power under conditions of carbon starvation (3, 4, 9, 11, 13, 31, 33) , enabling PHB-rich cells to replicate in the absence of an exogenous carbon source. In M. parvus OBBP, however, stored PHB did not enable replication in the absence of exogenous carbon when all other nutrients were present. In the absence of methane, the cell concentrations did not increase significantly in PHB-rich cultures fed nitrogen and formate compared to cultures incubated without formate. This indicates that growth on PHB is not prevented by a deficiency in reducing power. Others have proposed that the methylotrophic metabolism of PHB enables the regeneration of glyoxylate (26) . In theory, PHB could itself be assimilated as a growth substrate if formaldehyde or a precursor were present. However, the addition of glyoxylate to PHB-rich cultures of M. parvus OBBP in the presence of methane did not affect PHB consumption, suggesting that PHB and glyoxylate do not contribute to the same metabolic pathway in M. parvus OBBP.
Type II methanotrophs possess a complete tricarboxylic acid (TCA) cycle, which functions as a source of reducing equivalents (21, 30) . PHB is a sink for these equivalents (Fig. 5) . In PHB-rich cells of M. parvus OBBP fed nitrogen but incubated without methane, the percentage of PHB decreased with an accompanying increase in nitrogen-associated TSS and in the percent nitrogen in the non-PHB TSS. Evidently, PHB is used under these conditions as a source of reducing power to assimilate nitrogen. When PHB-rich cells of M. parvus OBBP initially were exposed to both methane and nitrogen, a 4-h lag ensued before cell replication began. During this period, cells accumulated nitrogen but did not replicate or consume significant amounts of methane or PHB. A likely explanation is the induction and synthesis of proteins needed for replication. Cells under M1N1 and M0N1 conditions likewise accumulated nitrogen in the first 4 h following nitrate addition, suggesting that reducing power from PHB can be used for N assimilation in the presence or absence of methane. Johnson et al. (24) reported a similar role for PHB in acetate-fed communities subjected to repeated nitrogen limitation and pulses of acetate: PHB and acetate degraded concurrently when nitrogen was present. Previous studies have shown that PHB provides reducing power for the cometabolic oxidation of non-growth substrates in the absence of methane (8, 14, 19, 20) . Methanotrophic cells with higher levels of PHB have higher transformation capacities for trichloroethylene (TCE) than cells with lower levels of PHB, and the effects of PHB mimicked those of formate in M. parvus OBBP. In the present study, the presence of formate delayed the consumption of PHB when methane and nitrogen were also present, suggesting that PHB and formate mediate the same role in the metabolism and that formate is consumed as an additional source of reducing power. Metabolic models assuming that PHB is used as a source of reducing equivalents in Methylosinus trichosporium OB3b have shown good agreement with experimental data (38) , suggesting that PHB function is conserved among type II methanotrophs.
The pattern of concurrent PHB and methane utilization in M. parvus OBBP is unlike that of other bacteria. Typically, when an exogenous carbon source is supplied in excess, most PHB-producing bacteria produce PHB rather than utilize it (1). The degradation of PHB takes place only after the exhaustion of exogenous carbon supplies (35) and under unbalanced growth conditions (38) . However, in M. parvus OBBP, PHB was consumed when methane was present in excess, and the consumptions of PHB and methane were concurrent. Others (38) have hypothesized that PHB serves as a sink of reducing equivalents and is consumed only when NADH is limiting. NADH would logically be growth limiting following a period of methane absence, but in this work, PHB was not consumed at appreciable rates under such conditions.
The coutilization of PHB and methane suggests that PHB utilization confers a physiological advantage under growth conditions, likely in the form of readily available reducing power for methane monooxygenase activity, carbon dioxide assimilation, and nitrogen assimilation. This work establishes that PHB increases the specific growth rate of exponentially growing cultures of M. parvus OBBP that have Ն20% PHB (P ϭ 0.02), providing a significant short-term competitive advantage over cells that lack PHB.
For microorganisms that use PHB as a growth substrate, the absence of exogenous carbon stimulates the consumption of PHB (16) . The repeated pulsing of exogenous carbon, therefore, confers a selective advantage on those cells that have high levels of stored PHB. The sustained pulsing of acetate into an acetate-utilizing community increased the rate and ultimate capacity of PHB production (3, 4, 9, 12, 13, 31) . However, the (29) and Hanson and Hanson (17) , and all references are included in italics on the figure. An asterisk indicates that the results of this work support the proposed step in the pathway. The conversion of acetyl coenzyme A (acetyl-coA) to glyoxylate is shown as a dotted line because it was not observed under conditions of the present study. Note that PHB is used as a source of reducing power upon entering the TCA cycle.
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results of the present study suggest the need for a different selection strategy in the case of methanotrophs. A plausible strategy is the pulsing of nitrogen into a sequencing batch reactor with a sustained supply of methane. This would alternately stimulate the production and utilization of PHB, and those cells able to store high quantities of PHB presumably would gain a competitive advantage under balanced growth conditions. Further study is needed to examine the effects of repeated nitrogen limitation on methanotrophic cultures and the potential of such strategies to enhance PHB production.
